INTRODUCTION

T
HE INTENT of this article is to summarize some ofthe highlights of the research that have focused for some 20 years on the development of automated satellite remote sensing for monitoring the Earth's major food crops. These highlights are expressed in terms of events, places, institu tions, and people as opposed to any detailed discussion of the many results of the research compiled over this period. Even with this limited scope, the author found it difficult to fairly describe all elements that could have been included if time and space had permitted. A number of important ele ments have thus been omitted; also, the author tended to concentrate on those factors that he was more personally familiar with. It is hoped, however, that the included ma terial will be of interest and possibly helpful to current and future generations of researchers who will lead the future advances in this important area. The progress that has been achieved to date has been largely the result of a farsighted effort pursued with dedication in the presence of the stan dard array of obstacles that pioneering efforts must always expect to contend with. The modern day needs for a capability to repetitively monitor crop and forest lands over large geographic regions within relatively short time intervals were beginning to be recognized by at least the late 1950's. Certain types of information on farm and forest production were already being produced through ground surveys with minimal use of black and white areal photography by the U.S. Depart ment of Agriculture in support ofthe administration ofthe U.S. farm programs. A recognition of the limitations of existing approaches, together with the dawning of the space age with the first successful launch of an Earth-orbiting sat ellite in 1957 stimulated an active interest in the late 1950's to consider utilizing emerging technologies to develop sig nificantly improved capabilities. Several separate, but re lated events, occurred between 1957 and 1965 to bring about the development of a research program to study the possi bilities for a highly automated approach for monitoring the Earth's soil, water, and vegetation resources.
1957-1965: THE FORMULATION OF A PROGRAM
In 1957, representatives of the chemical industry queried the Agricultural Board of the National Research Council as to how more timely and accurate information on detec tion, incidence, and assessment of loss from crop and forest pests could be acquired. A 1954 report ofthe U.S. Depart ment of Agriculture (USDA) had set the annual loss from pests to crops and forests at about 7 billion dollars. In I960, the board recommended that a committee be formed to study the potential of aerial surveys for this problem. The Committee on Remote Sensing for Agricultural Purposes with members from the disciplines of physics, statistics, engineering, botany, forestry, and economics was estab lished in 1961. From the outset, the group was to consider use of all detection mechanisms at (optical, microwave, and longer) wavelengths of the electromagnetic spectrum where the Earth's atmosphere was sufficiently transparent. The group also extended its interests to the acquisition of in formation on crop and forest production management and marketing procedures deemed collectable by future aero space vehicles. J. Ralph Shay, then Head ofthe Botany and Plant Pathology Department at Purdue University, was se lected as the Chairman of the Committee [I] . Early on, the members recognized the essential elements of the character of the problem and sought to find approaches that might draw on emerging technologies from the fields of comput-U.S. Government work not protected by U.S. copyright ing machines, pattern recognition, radiometry, and aero space. It was clear that the repetitive monitoring of vegeta tion over large geographic regions to detect outbreaks of plant stress, monitor spread, and assess damage called for a highly automated capability if it were to be both respon sive to needs and affordable. Conventional approaches utilized to that time relied on high-resolution photographic systems that could observe plant shapes and/or cultural practices for information of crop type and condition. One exception to this was the color infrared film developed dur ing World War II to detect severely stressed vegetation used in camouflaging. Major difficulties, however, with this and other film materials were the general inability to extract their information content automatically or to use them to obtain calibrated measures of radiance from a scene. Early on, the committee through the influence of one of its mem bers, M. R. Holter of the University of Michigan, began to focus on a newly created areal multispectral scanning device developed at the University of Michigan (under military contract). The device offered considerable potential for improvement over more conventional sensors of the time. Development of rapid-acting ultrasensitive quantum-type detectors, optical viewing elements, and detector pre amplifiers had made possible the development of an aircraftmounted spectrophotometer operating at ultraviolet, vis ible, and infrared wavelengths. Stimulated by the potential of this innovative device, the **Shay" committee had de signed experiments by late 1962 to gather multispectral data from agricultural crops and soils to identify problems of data reduction and discrimination analysis. [1] . In parallel with this activity, the Geography Branch of the Office of Naval Research independently became concerned in 1960 "that while sensor technology, including photography, radar, and infrared, was developing and racing ahead at a terrific pace, the application of this new technology to re search in the earth sciences and the biological sciences was painfully slow" [2] . Working with the National Academy of Sciences' Committee on Geography in February of 1961, they coined the term "remote sensing of environment" as a field of interest and importance, and recommended that a thorough study be made of the potential values ofthe field and the need for its future development. The Army Research Office and the Air Force Cambridge Research Laboratories joined the Office of Naval Research to provide funds for the study. The University of Michigan, led by J. Morgan, was put under contract to conduct a survey study; the first, second, and third Symposia on Remote Sensing of Environ ment served to document, in part, their initial findings.
A major difficulty in the study had to do with a problem of military security classification [3] . Much of the poten tially useful sensor research was taking place under military sponsorship, was known to relatively few, was classified, and the results not generally available to the unclassified re search community. Efforts were made by Walter H. Bailey at the National Academy and George Zissis ofthe University of Michigan to have the classification procedures reviewed with the thought that many advantages could accrue in re search if certain sensory devices could be declassified or at least the data from the systems be declassified and made available for other research. In 1964, the DOD with the endorsement of the Director of Defense Research and En gineering established a group to revise the existing military classification regulations [3] . This was a most significant event for it is questionable if agricultural remote sensing would have progressed as it did without the availability of declassified data from these systems.
Also, in parallel with these other events, NASA was for mulating experiments in its biosciences and manned space sciences divisions to develop techniques for sensing the Earth, Moon, and other planets for the detection and analy sis of biological and geological information. In 1963, the "Shay" committee, who by then was already interacting with the military triservice study at the University of Michi gan, became aware of the NASA efforts. NASA contracted a study to the IBM Corporation entitled the Orbital Re search Laboratory (ORL) Experiment Program. The effort was to study the potential use of a future Earth-orbiting laboratory to Earth-oriented applications research. R. B. MacDonald, then at IBM, had responsibility for an element of the study focusing on agriculture and forestry. The study drew on the deliberations of the "Shay" Committee and the findings of the University of Michigan study of the Re mote Sensing of Environment. The ORL studies concluded that there existed a potential for highly beneficial agricul tural applications of the emerging remote sensing and aero space technologies.
In [4] . In 1964, this constituted a minimal airborne remote sensing research effort in agriculture. Also, Mac Donald and Shay met with representatives of NASA Head quarters and the Research Service of the USDA in Novem ber of 1964 to propose that NASA and the USDA establish a pilot research center in the university community to serve as a focal point for a longer term research program to de velop a knowledge base for the applications of emerging technologies to the future remote sensing of agriculture. They advised that consideration be given to locating the proposed research center at an institution where the re search would be guided by the application science needs. This reflected the general concern they shared with the Geography Branch of the Office of Naval Research that sensor R&D was outstripping the use of this technology in the earth sciences.
The **Shay" Committee met in the spring of 1963 at Pur due University to discuss the critical need for the program of research being contemplated at that time. The discussion was stimulated by the results of preliminary research con ducted by Michigan and Purdue researchers in 1964. It was quite evident that airborne multispectral sensing devices could acquire considerably more data than could be analyzed with existing capabilities. In addition, the 1964 work had provided insight into the considerable variability present in the radiance from plants and soils. Relatively large amounts of data would be required to quantify this variation and identify its major sources in the multispectral response patterns of selected soil conditions and major crop species. The 1964 Michigan airborne optical sensor config uration collected data in 18 spectral intervals between 0.32 and 14 μτη. A combination of photographic and electronic sensors was used; the visible and short wavelength infrared bands were acquired with a nine-lens camera, while the bands in the ultraviolet and infrared from 1.5 to 14 μτη utilized an electronic optical mechanical scanning device. The radiance data were collected directly on film or con verted to film. The film was analyzed by eye or converted to digital or analog signals for subsequent computer analysis. The author brought to the meeting a strong conviction for the use of emerging digital technology in future research based on his experience in the late 1950's and early 1960's. This was a controversial issue, however, since analog com puters then in common use were viewed as having advanta geous characteristics for high-speed processing applica tions. While no specific approach was decided upon, a consensus opinion was reached that emphasis needed to be given to the development of a research analysis facility to analyze airborne multispectral data. It was also agreed that it would be desirable to convert the Michigan scanner to an all-electronic optical-mechanical sensor system operat ing from the near ultraviolet through the visible and infra red to 14 μηι to support future applications research. In fact, plans were already underway at Michigan to design such a sensor. The group also discussed the needs for a suit able field radiometer operating throughout the same spec tral range to make calibrated mesurements of radiance propagated from small agricultural test plots. It was thought that many conditions could be best researched with those types of in situ measurements. This was particularly true for plant and soil studies where detailed "ground truth" data were needed. These conclusions of the "Shay" committee provided significant guidance to future research planning efforts.
After considerable discussions over the ensuing months, NASA in cooperation with the Agricultural Research Service of the USDA agreed to establish the Laboratory for Agricultural Remote Sensing (LARS) at Purdue Uni versity and a similar laboratory for forestry research under the direction of R. N. Colwell at the Southwest Forest and Range Experiment Station with the University of Califor nia at Berkeley. The two programs were to bring together the critical expertise at Purdue, the University of Michigan, the University of California, and research laboratories within the USDA, such as the Soil and Water Research Station at Weslaco, Texas, to form a critical mass of inter disciplinary capability. The major thrust ofthe research led by LARS was to be focused on remote sensing techniques for agricultural applications that required minimal human participation to reduce collected data to information. The research would concentrate on the use of multispectral mea surements of radiance energy. K. S. Fu, R. A. Holmes, and D. Landgrebe at Purdue had a particular interest in pattern recognition and were keenly interested in applying those techniques to the data collected with the Michigan scanner. At Berkeley, greater emphasis was to be placed on using the capabilities of the human interpreter; efforts emphasized enhancement, screening, recognition, and interpretation aids for the interpreter. Both programs were aimed at over coming the earlier issues of having technology develop more rapidly than their use in applications research. The con clusions reached previously at Purdue by the "Shay" Com mittee became critical drivers for the joint endeavor.
1966-1970: FEASIBILITY RESEARCH
The author was invited by J. R. Shay to join the Purdue University staff to help establish the program. Beginning in January of 1966, Shay, MacDonald, and others of the LARS staff joined with M. R. Holter, R. N. Colwell, and others from Michigan, Berkeley, and the Weslaco labs in a series of planning sessions to define a coordinated program of research. It became apparent early in the deliberation that considerable effort would need to be directed towards de veloping experimental facilities and instrumentation td support the research. Laboratory and field experimenta tion was needed in addition to that involving aircraft over flights. Considerable effort was expended during the 1966-1971 period to develop these capabilities to support research critical to investigation of automated remote sensing ap proaches for agricultural applications. Development plan ning initiated in 1966 did not result in deliveries of certain critical items until early in 1971. The lack of instrumenta tion tended to hamper investigative efforts during the inter vening period. Military classification of critical sensory equpment also continued to be somewhat of a problem. By then, however, it was decided that analysis results from the classified Michigan aircraft MSS over agricultural sites would be unclassified.
An important decision was made in the spring of 1966 to develop a digital research analysis facility for the program and to locate it at LARS to support applications studies. It was decided that a digital approach would provide a more flexible and reliable capability. A phase-one system was to include a special analog-to-digital converted capable of converting the analog tapes from the newly created all-elec tronic Michigan scanner. Until such a device could be de veloped, the airborne scanner data was to be converted at NASA's George Marshall Space Flight Center. While the NASA system had certain limitations, it would suffice to support some early digital computer pattern recognition analysis. The LARS staff programmed selected discrimi nant analysis algorithms on a shared university computer to support early analysis on an intermediate basis in 1966. An IBM 360 44, only the second machine of the model in stalled in the nation, was leased late in 1966 to serve as the heart of the applications research facility at LARS.
A computer-driven display device to support humanmachine interaction for pattern recognition studies with re-motcly sensed MSS data was considered an essential part of the facilities. Since no interactive digital display having suitable characteristics existed, a recommendation was made to the USDA and NASA to have such a system de veloped; they were generally receptive, and plans were made to proceed. The IBM Corporation won a competition to de sign and fabricate a "one of a kind" black-and-white digital display to specifications developed by the LARS staff. After a series of interruptions and delays due to funding limita tions at the USDA and NASA, the display was installed at LARS early in 1971. In the interim, alphanumeric gray-scale computer printer outputs in pictorial form were developed to find data of interest on digital tapes. This approach supported the research at LARS until 1971 and proved to be a useful, albeit slow and somewhat cumbersome, ap proach. Printer grey-scale maps were successfully used at a number of other laboratories in subsequent years. Data were also analyzed at the Michigan Laboratories on an analog computer developed under military contracts. The analog systems were primarily intended for "real-time" analysis and were not particularly conducive to the type of pattern recognition analysis research thought to be most important in crops and forest lands. Still, much of the early research analysis conducted by Michigan researchers uti lized these analog systems.
No existing radiometers were found to be adequate to support the experimentation in the field environment. The primary objective of this research was to investigate the re sponse from collections of different vegetation types, at different development stages, different condition states, with selected soil backgrounds under controlled conditions to determine spectral bands that contained useful informa tion; in this process, the relationships between radiance measurements at particular spectral regions and the bio physical characteristics of the scenes were to be character ized. Until adequate instrumentation could be developed, use was made of a number of different instruments made available by NASA's Marshall Space Flight Center. The staff at Michigan also had use of several other devices to make in situ measurements in the field. All of these tended to have significant limitations and the research was ham pered by their deficiencies. Through the efforts of R. Holmes of Purdue and D. Lowe at Michigan and others, specifica tions were developed for a more appropriate field spectral radiometer. The USDA and NASA supported LARS in having an instrument developed by industry. The first de vice was delivered to the Weslaco Laboratories late in the 1960Y It was found to be most useful, although somewhat expensive, and required considerable expertise to maintain and correctly operate. A second modified instrument was delivered to LARS in 1971 and proved to be a valuable de vice through the 1970's. Still, it was costly and although mounted on a mobile elevated platform, was somewhat limited insofar as the amount of data that it could collect.
Emphasis was given early on to research with the crops of greatest importance to world crop production. Because of the importance of grain crops and their widespread dis tribution throughout the world, they received primary at tention. Of these, wheat was of special interest since from a global perspective it is grown around the world in greatest abundance. Therefore, the 1964, 1965 research centered on wheat and on the crops that were most likely to be confused with wheat, such as oats and other grasses. Additional crops of interest included corn, soybeans, cotton, pasture, range forages, and sorghum. This emphasis continued in the research through the 1970*s and into the 1980's. The roots for major experiments of a global nature to be con ducted in the 1970's were carefully started through the re search conducted in the 1966 through 1969 period.
Data had been acquired over the Purdue agronomy farm in 1964 by the Michigan system with its mixed sensor sys tem and by an Air Force aircraft system producing photo graphic-type data in 1965. Missions were flown at monthly intervals throughout the season, and periodically every 4 h through a diurnal cycle. The data were all in photographic form. Imagery was acquired at ultraviolet, visible, infrared, and ΑΓ-band microwave wavebands. Supportive measure ments were made of the reflectance of vegetative materials and soils in laboratory conditions and in more natural test plots in agronomy farm fields. The analysis of these data was primarily qualitative in nature. Only a small amount of imagery could be digitized and subjected to more quantita tive scrutiny at that time.
The 1964, 1965 research was extremely useful in that it 1) provided useful results that indicated the potential of the multispectral approach and 2) it provided important expe rience for future research planning. The results indicated that "remote multispectral sensing was a potentially useful means of differentiating, identifying, surveying and map ping major cover types, such as vegetation, water and bare soil. Under certain conditions of crop maturity, a capabil ity exists for using remote multispectral sensing to differ entiate and identify crop species, such as wheat and oats, corn and soybeans" [6] . Considerable variation, however, was found in the radiance measurements from agricultural scenes. This clearly indicated a need to carefully and thor oughly study the sources of variation and to correct in strumentation variables wherever possible.
The research objectives established through the planning deliberations of the early months of 1966 were for a severalyear program and directed at establishing methods to deter mine species, state of maturity, disease conditions, soil properties, soil moisture conditions, and many other crop and soil parameters. Quite importantly, they were to deter mine the major sources of variation in the multispectral response of given conditions and to attempt to account for these in preprocessing and in data correction models. In pursuit of these objectives, the research continued to in clude biophysical studies in the laboratory and field, and significantly, multispectral experiments with the newly modified University of Michigan electronic optical-me chanical scanning system. Plans were made to gather data over extended flightlines in neighboring farmlands in In diana and other agricultural sites with the Michigan air borne system. Research efforts also focused on data handling and pattern recognition techniques for the devel-opment of automatic processing capabilities to analyze large quantities of data collected by airborne systems and to support future orbital experiments.
As a part of its charter, the program delineated meaning ful orbital experiments and specifications for operational aircraft remote sensing systems where they were most prac tical. Studies were initiated to better understand the prin cipal wheat-growing regions of the world. In the fall of 1966, a photographic experiment was initiated to make observa tions of wheat throughout a growing season [6] . Consider able thought was also given to what would be required to conduct a crop inventory experiment over a large region such as all the 320 640 acres of Tippecanoe County, Indiana.
The first digital pattern recognition analysis of the 1966 aircraft MSS data was accomplished in December of 1966. The initial analysis was done with data collected in late June. This result ultimately received rather widespread notoriety as a first real demonstration of automated infor mation extraction of agricultural information. The analy sis, conducted with data in spectral bands in the 0.4-and l.O-μηι interval, clearly demonstrated the separability of wheat from oats and other crops in late June in that geo graphic region.
In addition, analysis was accomplished with laboratory and in-field data of the detailed characteristics of the radi ance from vegetation and soils. It included measurements made of wheat, oats, and other crop types at the Purdue sites with a mobile radar unit from the Ohio State University. The unit consisted of a side-looking radar and passive mi crowave sensor mounted on an extendable boom, and op erated in the Ku% and S-bands. In 1967, experiments were conducted to study the signa ture extension problem. In particular, an extended flightline, some 50 miles in extent, was overflown to investigate the extent to which "statistical signatures" used in the dis criminate recognition analysis and developed at one geo graphic location could be extended over a larger region. The results indicated that this was a difficult problem due to variations in soils, crop stage of development, atmo spheric conditions, sun and observation angles to name a few. Because of its importance, signature extension research was pursued by various laboratories from that time and into the 1980's.
Earlier qualitative analysis of multispectral imagery of fered considerable evidence of the potential of multitemporal multispectral data for crop and condition informa tion. A capability to register data sets collected over a given area at different times was needed to support pattern recog nition research of such multitemporal MSS measurements. This capability was also needed to make data from different sensors congruent to support multispectral research over greater portions of the spectrum. The all-electronic Michi gan scanner did not produce spatially registered bands; the different aperture used to acquire data in the middle and longer infrared regions was sufficiently displaced from the other apertures to make their coincident use difficult. To overcome these limitations, P. Anuta ofthe LARS staff and others developed computer programs utilizing research conducted in the late 1960's and early 1970's. The programs were costly to operate and permitted relatively small amounts of imagery to be so registered. The use of multitemporal MSS data would not be significantly exploited until the mid-1970's.
To minimize the data registration problem, a decision was made in the late 1960's to modify the Michigan multipleaperture electron scanner to a single common aperture system where all spatial bands would be spatially registered.
Efforts were initiated in the late 1960's to begin to explore the use of microwave remote sensing to estimate soil mois ture. While encouraging, the early results of this work indi cated that considerable research was needed to develop a capability to estimate soil moisture with remote sensing. Still, it was thought to be an important enough parameter in agriculture to warrant considerable effort.
Overall, steady progress was achieved by researchers at Weslaco, the remote sensing laboratory at Berkeley, LARS Purdue, the Willow Run Labs, the University of Kansas, and elsewhere. The consortium recommended specific experiments from space, specifications for a first Earth Resources Technology Satellite (ERTS-A), and simulation experiments preceeding a first flight. Based on the positive results of the research in the 1966-1967 timeframe, NASA began to plan an ERTS mission. In July 1968, an inter agency Earth Resources Survey Program Review Com mittee (ERSPRC) was formed by NASA to coordinate the experimental Earth Resources Survey Program at the fed eral level. In 1967 and 1968, the National Academy of Sci ences/National Research Council conducted a comprehen sive evaluation of space applications which gave a strong endorsement to the accelerated research on Earth resources surveys from space. The ERTS project was formerly approved in January 1969. A return-beam vidicon camera (RBV) was initialy selected to be the primary sensor. It was to collect high-resolution (300-600 ft) data in 3-spectral bands in the visible and near infrared: 0.475-0.575,0.580-0.680, and 0.690-0.830 μτη. The contingent of LARS, their colleagues at Michigan, California, representatives of USDA-ARS, and others were instrumental in convinc ing NASA to carry a second sensor on the ERTS-A. This turned out to be a relatively crude sensor by comparison to the Michigan aircraft system. Engineering restraints led to the sensor having four bands (0.5-0.6, 0.6-0.7, 0.7-0.8, 0.8-1.1 μνή) and spatial resolution of about an acre. This was in marked contrast to the Michigan scanner that provided data in many spectral bands having a spatial reso lution on the order of 25 to 100 ft 2 . However, the total scanned field of view of ERTS-A was to be on the order of a 100-mi scan width, a significant improvement over any air craft system. A controlled simulation experiment was conducted on Apollo IX to gain preliminary experience with ERTS-A data from space. The simulation experiment utilized four filtered 70-mm cameras and recorded imagery on film. Some particularly important data was acquired from the Imperial Valley-Salton Sea region over sites recommended previously by the LARS program. Researchers from the various organizations participated in the experiment, and analyzed the data. At Purdue, Anuta and MacDonald con ducted an ADP experiment. They digitized the 70-mm fil tered photographic negatives to simulate the digital data from the future ERTS-A MSS. Although the data were only a crude representation of the calibrated data planned from the electronic scanner being developed for ERTS, the results were startling. The advantages of being able to ob serve a large area ( 100 mi X 100 mi) through a narrow (7 de gree) observation cone, the constant illumination during the miliseconds required to view the scene, and the lack of obliquity angle effects due to the near-vertical look angle were most significant. Primary cover types such as vegeta tion, bare soil, and water were highly separable. Specific crop types were found to be discernable while others were highly confused. The results were sufficiently positive to cause those familiar with them to begin earnestly planning for research with data from the ERTS-A [8] , By the conclusion of the 1960's, the multispectral ap proach had become well rooted and the potential for the automated extraction of information from such data estab lished. Relatively few investigators, however, were yet ex ploring the use of such automated information extraction approaches. The majority of the remote sensing research community was still committed to the manual analysis of multispectral pictures. Although provisions were made in the ERTS mission to produce a number of digital computer compatible tapes, the majority of the data planned to be produced was of a photographic form; R. B. MacDonald at LARS and others were particularly concerned with the limited capability to computer process ERTS data that ex isted and proposed to NASA and the USDA that LARS be supported to investigate the use of the time-sharing multiterminal computer system as a partial solution. This was finally agreed to and LARS leased such a system to investi gate the effectiveness of a large main-frame system with a central data base serving multiple terminals to support different researchers separated by large geographic dis tances. An IBM 360-67 was leased in 1971 to support this research.
1970-1980: LARGE-AREA APPLICATIONS EXPERIMENTS
In 1970, an event of considerable importance to remote sensing in agriculture occurred. The world's primary corn producing region was invaded by a potent fast-spreading fungus. A new strain of fungus (Helminthosporium Maydis) spread from the southern U.S. corn producing re gions up the Mississippi River Valley and through the sevenstate U.S. corn belt area. Little was known of the charac teristics of the disease other than of its effects to drastically reduce corn production. ; The corn production predicted in 1970 was 4.82 billion bushels, but the blight ruined 15 percent of the crop. Indiana alone suffered a loss of 95 million bushels. research to investigate the use of the existing technology for detecting the disease. An experiment was quickly designed and implemented. In early September, a mission was con ducted to acquire sample data over a flight line extending from the northern to the southern extremities of Indiana. Photographic and electronic MSS data were acquired by Michigan, NASA, and U.S. Air Force aircraft. The experi ment revealed that at least the advanced stages of the dis ease could be detected on small scale color-infrared film and with computerized pattern recognition analysis of the electronic MSS data.
During the next few months, it became clear that the blight would be present in 1971. The only effective solution was for producers to go to immune hybrid corn varieties, which would be in short supply for 1971; thus the majority of the crop would be subject to a reoccurrence of the dis ease. LARS, working with colleagues from Michigan, the remote sensing laboratory at Berkeley, and with the various services of the USDA, planned a "corn" blight watch" ex periment for the seven-state corn belt region. 3 The area was to be monitored biweekly to estimate the occurrence of outbreaks, the spread of acreage affected, and the level of infection.
In order to keep data loads manageable, it was necessary to sample the region. Two hundred and ten 1 X 6-mi area samples were distributed over the region. In addition, the western third of Indiana was designated as an intensive study area where various special investigations would be conducted. In this smaller region, a comparative study was planned for the ADP approach utilizing electronic MSS data from the Michigan system and the high-altitude (50 000 ft) small-scale color and color-IR photography utilizing hu man photo interpretation.
Due to the limited flight capability of the Michigan C-47 type aircraft and the limited computer processing facilities, the samples in the rest of the com belt would be monitored with the high-altitude photographic systems of NASA's Houston center. Fortuitously, a number of new capabilities were available for the "watch." The newly configured Michigan airborne single-aperture scanner system, having all bands registered, was available for the first time. The digital display was finally available together with the newly installed IBM 360-67 digital computer in its multiple-ter minal configuration. This early time-sharing configuration would support simultaneous analysis of the MSS data by a number of analysts.
Analysis of the 30 1 X 6-mi sample segments in the in tensive study region were evenly divided between the laboratories of LARS and Michigan. Personnel from the USDA and various land grant universities with agricultural backgrounds were given training in small-scale photo graphic analysis at LARS by photo interpretation special ists from Berkeley.
All sites were initially visited by field crews, and fields planted to corn were positively identified. Fields so desig-'R. B. MacDonald. Technical Director of LARS, was asked by A. B. Park of NASA in January 1971 to design and organize a monitoring pro gram for the corn belt 1971 crop season. * nated were then monitored for condition throughout the season. Because of the large processing requirements for reg istering data collected at different times, no use was made of the automatic processing of multitemporal MSS data.
The "watch" was the first test of remote sensing for mon itoring such a large region frequently throughout a com plete season. In addition, it was the first attempt to pro cédurale the analysis techniques that were still in a research state. Resultant estimates were transmitted to the Statistical Reporting Service of the USDA in Washington, D.C., every 2 weeks. The USDA insisted that all results be treated in a controlled manner prior to their official release by the USDA due to the potential effects of experimental results on the commodity markets.
The results ofthe experiment were most encouraging [9] . They clearly established the validity ofthe use of both smallscale multispectal photography with manual analysis and electronic data with machine processing. The objective machine processing of electronic MSS data, however, proved to be more reliable. While the identification of crop type was not an objective of the project, valuable experience was gained. Participating investigators concluded that major crop types in field sizes common to the corn belt could be determined with data collected at periodic inter vals through the season. This provided considerable im petus for future multitemporal research with multispec tral data.
On the basis of this and other results such as the impend ing ERTS-A launch, the development of the 24-band MSS scanner, and the Earth Resources Experiment Package on the Skylab mission, the NASA Manned Spacecraft Cen ter (MSC) 4 made a decision in the 1969-1970 time period to transfer technology and knowhow to its facilities in Houston. The intent was to have these available for future larger scale applications research and test efforts. multispectral scanner proved to be more useful than the return-beam vidicon camera system. Still, relatively few groups were able to computer process ERTS-A MSS data. The multiple-terminal research at LARS made a valuable contribution in both demonstrating the potential of a dis tributed analysis capability and in allowing investigators at different locations in the United States to gain experience in pattern recognition analysis of ERTS-A data. The JSC labs were given responsibility for overseeing and interact ing with the work at LARS, the University of Michigan, and a number of other institutions. By 1973, the JSC-led contingent constituted a relatively strong research capa bility, having together a critical mass for major large-scale applications research. Efforts were established in smallgrain crops with emphasis on wheat, corn, soybeans, the forests of the southeastern United States, and on general land surface featurs in the state of Texas.
A highlight of the advancement of the ADP approaches occurred in 1974 when EOD researchers developed a com pletely automated analysis capability for the Corps of Engi neers (COE) to use ERTS data for locating water impound ments throughout the United States for subsequent ground inspections by Corps personnel. This represented the first such capability developed for operational use; it also re quired the registration of ERTS data to ground coordinates at suitable map scales for use by COE personnel in their field inspection visitations.
The research in forestry at JSC was joint with the U.S. Forest Service in a forestry applications project in the southeast region of the Forest Service. L. Smeltzer and J. Beal of the U.S. Forest Service were instrumental in initiat ing this joint program in 1972. This research was later esca lated to a Forest Service-wide program, researching prob lems of interest to the various regions of the country, and was officially denoted the National Forestry Applications Program (FAP) of the U.S. Forest Service. This long-term program, of joint interest to NASA and the U.S. Forest Service at JSC, conducted several research projects through the 1970*s. Of particular note was a several-year project called the Ten Eco-System Research Project. Its primary objective was the evaluation of ADP approaches with ERTS and some aircarft MSS data over sites that were represen tative of ten different ecological regions throughout the United States [10] .
The major proportion of the resources of the JSC-led consortium in automated remote sensing research with MSS data, however, was devoted to agricultural food and feed crops. In 1972, the Soviet wheat crop failure and subse quent purchases that upset the world market stimulated considerable interest in the use of remote sensing to mon itor this major crop. R. B. MacDonald et ai proposed an experiment for the second ERTS mission (ERTS-B). 6 Its objective was to investigate the use of existing pattern rec ognition techniques with ERTS-B data to identify wheat and estimate its acreage in the North American Continent. A. B. Park, Manager of the Earth Resources Survey Pro-gram at NASA, C. Mathews, Associate Administrator of the newly formed Office of Applications at NASA Head quarters, and the NASA Administrator, J. Fletcher, de cided to escalate the research in wheat production to include eight major regions of the world.
The NASA Administrator discussed his interests with the Secretary of Agriculture, Earl Butz. 7 The Secretary was generally receptive and a briefing on the state-of-the-science of remote sensing and an overview of the contemplated project was provided to him. g The USDA agreed to participate with NASA in the project, later termed "The Large Area Crop Inventory Ex periment" (LACIE).
Additionally, NASA requested the participation of the National Océanographie and Atmospheric Administration for the weather-related aspects of the yield modeling for the project. NASA was acquainted with the World Meteo rological Organization's worldwide network of weather stations and with research in yield models that was ongoing at the NOAA facilities in Columbia, Missouri. After con siderable debate, the project was designed to develop in stepwise fashion and, dependent on the success of preceding experimentation, be expanded to explore the use of ERTS data to monitor wheat in up to eight major wheat-producing regions of the world. LACIE included three components; these were research, test and evaluation of new techniques from research, and an application and evaluaton compo nent. 9 The project's objectives were to: 1) demonstrate an important application of repetitive multispectral remote sensing from space; 2) test the capability of Landsat, together with climatological, meteorological, and conventional data sources, to estimate the production of an important crop; and 3) validate technology to provide useful estimates of crop production. Individuals in the USDA, as well as many others, were justifiably skeptical of the effort insofar as its capability to successfully monitor wheat production. As a safeguard on the integrity ofthe results of LACIE, the SRS ofthe USDA insisted that all estimates of LACIE be transmitted to the USDA and "locked up" prior to the availability of any offi cial estimates. In addition, NASA wanted clearly stated performance goals to use as an evaluation criteria. The cele brated 90/90 criteria was established as a consequence.
The results of LACIE have been extremely well docu mented in professional journals and in official NASA docu ments [11] . This article will not summarize those results other than to say that as a result of the skills, dedication, hard work, and experience of hundreds of investigators and support personnel from the participating agencies and uni- versities, the project was extremely successful in meeting its objectives. Several stages of technology were developed during the 3-year period. A most important result was an understanding of the problems that must be contended with in the use of remote sensing for the global monitoring of an important crop. A general failure of all existing signature extension concepts stimulated a concentration on this prob lem after the conclusion of LACIE. The success with the machine processing of multitemporal ERTS data spatially registered with correlation techniques was a great step for ward. The needs for an improved capability to register re motely sensed data to a fraction of an ERTS pixel became evident. Also, while the recognition accuracies that were realized with the relatively coarse spatial resolution of the ERTS MSS were surprisingly good with larger field condi tions, the need for somewhat better resolution in small-field regions became clear. The need for more research, and probably improved sensors at closer temporal intervals to separate wheat from other small grains, in particular spring barley, also became clear if accurate wheat production esti mates were to be made directly and more reliably. In LACIE, ratios utilizing historic data were used to estimate wheat acreage from the small-grain acreage discrimination that was possible from ERTS.
The LACIE project, as the first global crop-monitoring experiment, was the culmination of the previous years of focused research and development, starting with the "Shay" Committee initiative. While its experimental objectives were met, more importantly it pointed a way for the future. Considerable controversy was created by LACIE, however. The technology was viewed as overly complex and expen sive for incorporation in the operational services of the USDA. A combination of factors, resulted in the USDA not implementing LACIE technology in its ongoing opera tions. Rather, a more manual and simplified approach was established by the Foreign Agricultural Service (FAS) of the USDA to provide a more subjective evaluation of crop conditions in selected regions. LACIE, however, did stimu late an interest in continuing a more vigorous research effort in the use of remote sensing by the USDA. Secretary of Agriculture R. Bergland, who had replaced E. Butz in that office, beame interested in establishing such a research effort. As a result, AgRISTARS (Agriculture and Resources Inventory Surveys Through Aerospace Remote Sensing) was initiated in 1980.
AgRISTARS was formally initiated in 1980. In contrast to LACIE, the USDA provided the overall leadership for AgRISTARS, with NASA and NOAA in supporting roles. In addition, the research was fractionated into 9 projects, where each agency concentrated on different "information need" categories identified by the USDA. Although the pro gram was originally planned for 5 years, changes in priori ties together with decreasing budget levels led to a series of budget cuts that had drastically altered the project within NASA and NOAA at the time of this writing.
Several major advances have been realized within the program. Perhaps the most significant of these has pro vided an improved approach to the analysis of multitem-poral MSS data and also afforded the first capability to extend local "training signatures" over large geographic regions for several major crops. In this approach, a transfor mation of Landsat MSS band derived in the research com ponent of LACIE is mathematically modeled over time by an exponential function whose parameters have, in turn, been related to critical biophysical characteristics of corn and soybeans [12] , [13] . G. Badhwar, who developed this approach in the Supporting Research Project of AgRISTARS, utilized these crop-type-sensitive parameters to classify similarly transformed MSS pixels. The param eter values so derived in a local area as training samples were found to be extremely robust for corn and soybeans over large geographic regions in the United States. At this time, it appears to be a most promising approach and with the additional advantage of keeping the classification param eters to be a low number while taking advantage of many satellite passes.
In summary of the several years of AgRISTARS, it suf fices to say that this and other advances since LACIE have significantly increased the knowledge base for automated remote sensing of agricultural crops.
In 1979, the author proposed to NASA management the needs for a program of more fundamental research in auto mated remote sensing. This was based on his judgment that a number of scientific issues had been raised as a result of the myriad of applications research experiments conducted in the 1970's; furthermore, that these were of a nature that required sustained longer-term efforts. A series of work shops involving hundreds of scientists was held over a sev eral-year period to identify the content for such a program. In 1982, NASA embarked upon a program of fundamental research focused on various issues thought to be important to automated remote sensing. This is currently a most-im portant ongoing element of NASA's remote sensing research program.
A clear advance in technology was realized with the suc cessful launch of the Thematic Mapper Scanner (TM) in 1982. This scanner represents the first major advance in ERTS sensors since the first MSS was launched in 1972. Its expanded response from the blue wavelengths through the middle infrared region and through 2 μπι together with better locations and widths of waveband and improved spatial resolution provide a significantly improved satellite sensor for agricultural applications. The early analysis of data from the TM over agricultural sites tends to indicate a significant improvement in capability over the MSS.
It is the author's opinion that the totality of these ad vances provide a capability that is considerably beyond what was available at the conclusion of LACIE. The ADP tech niques derived over the last 20 years coupled with advances in the technology of computers, communications, satellites, and advances in agricultural scene understanding have served to provide an increasingly sound basis for the future monitoring of the world's important crop lands. In addi tion, the capability developed for agriculture offers consid erable potential for other Earth resources applications. Still further advances in capability can be expected for the re searchers of those countries who choose to pursue this in the future. While many of the expectations of the individ uals who pioneered the automated approaches for Earth sensing in the early 1960*s have been realized, the most ex citing achievements will probably be experienced over the next several decades.
Currently, various segments of the scientific community are encouraging a long-term research program to develop improved knowledge of the critical life-sustaining processes of the Earth's biosphere. Such a global planetary research effort surely will need to make maximal use of automated remote sensing to reach its goals. If a long-term interna tional thrust is embarked upon, the remote sensing research community could well be faced with its sternest, and per haps most worthwhile, challenge. The information content of the TMS data was analyzed by performing supervised maximum likelihood classifications on three data sets: I) 7-channel 30-ai S-bH data, 2) the 4Optimal-channel 30-m 8-bH data, and 3) TMS data degraded to Landsat multispectral scanner (MSS)spedfications, 3-channe! 60-m 6-bit data. The greatest sensitivity to forest structural parameters, which included crown closure, site dass, and succession within dearcuts, was obtained from the 7-diannet TMS data, the 4-optimalchannel TMS data, and the simulated MSS data, respectively. The in creased number of spectral bands was largely responsible for the increased accuracy of the TMS data over the simulated MSS data. The improved spatial resolution of the TMS data did not improve classification per formance. Variance within the TMS scene was largely due to the structural characteristics of the forest canopy. 
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